A highly chemo-, diastereo-and enantioselective catalytic method that efficiently combines a silyl hydride, vinyl-B(pin) (pin = pinacolato) and (E)-1,2-disubstituted allylic phosphates is introduced. Reactions, best promoted by a Cu-based complex with a chiral sulfonate-containing Nheterocyclic carbene, are broadly applicable. Aryl-, heteroaryl-, alkenyl, alkynyl and alkylsubstituted allylic phosphates may thus be converted to the corresponding homoallylic boronates and then alcohols (after C-B bond oxidation) in 46-91% yield and in up to >98% S N 2':S N 2 ratio, 96:4 diastereomeric ratio and 98:2 enantiomeric ratio. The reasons why an NHC-Cu catalyst is uniquely effective (vs. the corresponding phosphine systems) and the basis for different trends in stereoselectivity are provided with the aid of DFT calculations.
One other disconnection would entail enantioselective Cu-H addition [6] to commercially available vinyl-B(pin) and an ensuing S N 2'-selective allylic substitution involving a 1,2disubstituted allylic phosphate (Scheme 1b). Products bearing an allylic C-substituted and a homoallylic (pin)B-substituted carbon stereogenic center would be obtained. With G = Me simple oxidation to a secondary homoallylic alcohol could result in diastereo-and enantiomerically enrich product expected from crotyl addition to acetaldehyde, a transformation that, to the best of our knowledge, remains without a catalytic enantioselective variant. [7] Nonetheless, the above plan might present several complications. A chiral catalyst must promote efficient, diastereo-and enantioselective Cu-H addition followed by allylic substitution in preference to two potentially competing routes. One pathway could involve reaction of Cu-alkoxide with vinyl-B(pin) (vs. a hydride reagent) to yield a vinyl-Cu complex, which might then react with an allylic phosphate; [8] alternatively, the Cu-H might react directly with the allyl electrophile. [9] Here, we demonstrate that a sulfonate-containing chiral NHC-Cu complex can efficiently promote the general transformation in Scheme 1b with high chemo-, S N 2'-, diastereo-and enantioselectivity. [10] While this manuscript was being prepared, reactions involving (E)-1,2-disubstituted alkenyl-B(pin) substrates and allylphosphate with bis-phosphine-Cu catalysts were disclosed (to generate products with a single stereogenic center); [11] processes were highly enantioselective but the only reported case with an (E)-1,2-disubstituted allylic phosphate furnished the desired product in 78:22 diastereomeric ratio (d.r.) and 73:27 enantiomeric ratio (e.r.), hinting at the difficulty of the proposed class of reactions.
We started by gauging the effectiveness of various chiral bis-phosphine ligands to promote the reaction involving vinyl-B(pin), (E)-1,2-disubstiuted allylic phosphate 1a with polymethylhydrosiloxane (PMHS). [12] None afforded 2a as the major product however (Scheme 2). In three cases, the product from S N 2 mode of addition (3a) was the major component with moderate selectivity (phos-1, phos-2 and phos-5), and in two instances it was formed almost exclusively (phos-4 and phos-6). With every bis-phosphine ligand, 2a and 3a were generated in low d.r. and e.r. This was somewhat surprising since chiral phosphines -and some of these exact ligands -have been shown to be optimal in several transformations that begin with enantioselective Cu-H addition to an alkene (phos-2, [13] phos-3, [11] and phos-6 [6f-h] ). We took these findings as an indication that the desired sequence of reactions demands a distinct set of catalysts.
Results were more encouraging with N-heterocyclic carbene (NHC) systems (Scheme 2). With imid-1 [14] as NHC precursor, 2a was the major component of the product mixture (2a: 3a, 69:31) but stereoselectivity remained low. There was further improvement with the NHC-Cu complex derived from sulfonate-containing imid-2, [15] which afforded 2a exclusively and in appreciable d.r. and e.r. [13:87 and 80:20 (for the major diastereomer), respectively]. Another unexpected observation was that the catalyst derived from imid-3, [16] where the Mes unit (2,4,6-trimethylphenyl) is replaced by a 3,5-(2,4,6-triisopropoylphenyl) group, high 2a:3a ratio persisted (94:6) with stereoselectivity improving greatly as well (94:6 d.r. and e.r. for major diastereomer of 2a). Hence, there was a mechanistically suggestive reversal in diastereoselectivity along with substantially lower enantioselectivity with imid-2 (vs. imid-3; see below for further discussion).
Many aryl-substituted allylic phosphates could be converted to isolable homoallylic boronates, which were converted to the corresponding alcohols after C-B bond oxidation (Scheme 3). Reactions were performed at ambient temperature with 5.5 mol % imid-3 and 5.0 mol % CuCl along with three equivalents of inexpensive PMHS and with LiOtBu as base (identified as optimal based with further screening); [17] only a small excess of vinyl-B(pin) sufficed (1.1 equiv.). γ-Addition products (S N 2' pathway) were uniformly high (2:3, 86:14 to >98:2) as was the diastereo-and enantioselectivity with which 2a-2l were formed (90:10-96:4 d.r., 94:6-98:2 e.r.). Pure 2a-2l were obtained in 60-84% yield after silica gel chromatography. Transformations proceeded with similarly high efficiency and selectivity regardless of whether the aryl group within the allylic phosphate was sterically hindered (cf., 2c-f), electron withdrawing (cf. 2k-l) or electron donating (cf. 2d, 2h). The lower S N 2' selectivity with 2l may be attributed to direct alkylation of the exceptionally electrophilic pnitrophenyl-substituted allylphosphate (vs. Cu-alkene complexation and allyl transfer; see below for further analysis).
Allyl electrophiles containing a heterocyclic substituent such as a pyridyl (4, Scheme 4) or a benzothiophene group can be used (5) . However, S N 2':S N 2 and diastereoselectivities were somewhat lower in such instances and the final products at times contained a small amount of impurity from the S N 2 addition (cf. 4, Scheme 4). Similar results were obtained with a dienylphosphate (cf. 6, Scheme 4). The transformation with the corresponding enynylphosphate (cf. 7) was more S N 2'-(>98% vs. 87% for 6) and enantioselective (97:3 vs. 92:8 e.r. for 6). In the case of 6 none of the product from S N 2" mode of reaction was detected, and the lower yield for 7 (46%) might be due to competitive Cu-H addition to the alkynyl group. [18] Alkyl-substituted, and particularly Me-substituted allylic phosphates, are suitable substrates (Scheme 5). As highlighted by synthesis of 8 and 9 (Scheme 5), while somewhat less enantioselective compared to when aryl-substituted allylic phosphates are utilized (Scheme 2), reaction with the larger cyclohexyl-substituted allylic phosphate was efficient with 7.0 mol % catalyst loading. In both cases S N 2'selectivity was exceptional (>98%), diastereoselectivities were high 92:8-93:7 d.r. and pure products were obtained in 91% and 79% yield, respectively.
Of special value are the transformations involving Me-substituted allylic phosphate 1b, which, when performed on 5 mmol scale and with 2.0 mol % catalyst loading, afforded 10 in 55% yield (volatile compound), >98:2 S N 2':S N 2, 92:8 d.r. and 93:7 e.r. after purification (Scheme 5). This is a valuable fragment that has been used in a total synthesis of a biologically active analog of natural product chondramide C. [19] Previously, however, preparation of enantiomerically pure 10 entailed the use of Brown's chiral auxiliary, [20] necessitating somewhat forcing conditions along with the use of stoichiometric amounts of an exceptionally strong base (nBuLi/KOtBu to give nBuK); there is also the need for an equivalent of an organoboron reagent. Another functionalization procedure entails conversion of the homoallylic boronate formed by the reaction of allylic phosphate 1c to the corresponding 2-furyl product [Eq.
(1)]. [21] For insight regarding the unique effectiveness of imid-3-derived catalyst and the selectivity differences with imid-2, a series of DFT calculations were carried out. These studies indicate [17] that the most favored mode of Cu−H addition to vinyl-B(pin) with imid-3 probably arises from coordination of a pinacolato oxygen atom to the alkali metal counterion (I, Figure 1a ). [22] The corresponding mode of reaction with the NHC-Cu complex derived from imid-2 (Scheme 2) suffers from steric repulsion between an o-methyl substituent of the ligand (II, Figure 1a ), resulting in diminished e.r.
Allylic substitution with imid-3 is most favorable with the allyl electrophile approaching such that chelation with the more Lewis acidic Li cation is most effective and there is less steric repulsion between its substituent (Ph) and the NHC's sizeable N-aryl moieties (III, Figure 1b ). [23] Another consequence of the sulfonate/Li/phosphate chelation is the exceptional S N 2'-selectivity; otherwise, as is the case with the transformations involving phosphine ligands, the linear products are generated preferentially (see 3a, Scheme 2). In IV and V, arising from the imid-2-based Cu complex (Figure 1c ), the allyl electrophile is forced to coordinate with its CH 2 OPO(OEt) 2 moiety pointing away from the large mesityl group. [23] A different diastereomer is preferred compared to when imid-3 is used because the reaction proceeds via IV with the minor isomer being formed with the opposite sense of enantioselectivity (via V).
These investigations put forth a highly diastereo-and enantioselective protocol for direct catalytic access to an assortment of valuable homoallylic alcohols typically viewed as products of crotyl-type additions to acetaldehyde. By providing an efficient, chemo-, S N 2'-, diastereo-and enantioselective method for accessing otherwise difficult-to-prepare and readily alterable homoallylic boronate compounds, we provide further evidence regarding the importance of sulfonate-containing chiral NHC ligands. These Cu-based complexes have formerly proven optimal in catalyzing enantioselective allylic substitution reactions [24] and conjugate addition processes [15, 25] with C-based nucleophiles as well as Cu-B(pin) additions to alkenes [26] and allenes; [27] this is however the first time that a member of this catalyst class has emerged as the most effective for enantioselective Cu-H additions to an alkene.
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Figure 1.
Regarding the origin of diastereo-and enantioselectivity. Computations have been performed at the MN12SX/Def2TZVPP thf(SMD) level after geometry optimization performed with the ONIOM method M06L/Def2SVP:UFF thf(PCM) ; Ar = 2,6-(iPr) 2 C 6 H 3 . See the Supporting Information for details.
